In this paper, we study the influence on the ring-like vortex structure in MVG controlled supersonic ramp flow by different inflow conditions. In front of the MVG, three turbulent inflow profiles with different boundary layer thickness are generated as the inflow. From the shape factors, we can see that these inflows in front of the MVG are fully developed turbulent. It is found that the inflow conditions give significant influences to the ring-like vortex structure including the ring-like vortex shapes, vorticity origins, momentum deficit zones, streamwise velocity profiles after MVG, vortex organizations, and, more important, the interaction between vortex rings and shocks which control the boundary layer separation.
Introduction
MVG (micro vortex generator) is a kind of low-profile passive control device designed for the boundary layer control. It is given special interest by engineers because of its structural robustness. A device like MVG could alleviate the flow distortion in compact ducts to some extent and control boundary layer separation due to the adverse pressure gradients 1, 2 . It is reported that Babinsky 4-6 did the very prominent experimental studies. The mechanism of MVG flow control from his work concludes that a pair of counter-rotating primary streamwise vortices is generated by MVG, which are mainly located within the boundary layer and travel downstream for a considerable distance. Secondary vortices are located underneath the primary ones and even more streamwise vortices could be generated under suitable conditions. Streamwise vortices inside the boundary later bring low momentum fluid up from the bottom and high momentum fluid down to the boundary layer. A striking circular momentum deficit region is observed in the wake behind the MVG. The vortices keep lifting up slowly, which is thought to be the consequence of the up-wash effect of the vortices.
Numerical simulations have been made on MVG for comparative study and further design purposes. Ghosh, Choi and Edwards 8 made detailed computations under the experimental conditions given by Babinsky. The fundamental structures, like the streamwise vortices and momentum deficit, were reproduced by the computation. Lee et al 7 also made computations on the micro VGs problems by using Monotone Integrated Large Eddy Simulations (MILES). In their computation, the MVG is placed in a domain with the configuration following the real wind tunnel. The fundamental wave system of the MVG were reproduced in the computation, which consists of the main shock, expansion waves and re-compression shock like that reported by Babinsky 6 . Although there are experiments and computations on MVG problems, only two-dimensional structural information was available and confirmed by experiment. The mechanism of the 3D vortex structure behind MVG is still unclear.
In our previous papers [8] [9] [10] [11] [12] , we try to understand the mechanism of the flow structure especially the vortex structure behind the MVG (Fig. 1) . Numerical simulations are made on supersonic ramp flow with MVG control at M=2.5 and Re h =5760. The large eddy simulation method is used by solving the unfiltered form of the Navier-Stokes equations (NSEs) with the 5th order bandwidth-optimized WENO scheme, which is generally referred to the so-called implicitly implemented LES. The flow field around the MVG and surrounding areas has been studied in details. Further more, 3-D structure of the shocks is also obtained by our numerical simulation. The results of our LES show that the hairpin vortex was formed and then traveled downstream. According to the analyses, a dynamic vortex model was provided 12 . This dynamic vortex model is mostly confirmed by the experiment work of Mohd R. Saad et al 13 in recent (as seen in Fig. 2 ). The dominant vortex near the MVG is the primary vortex; A strong momentum deficit is found behind MVG which causes a strong circular shear layer 14 ; Underneath there are two first secondary counter-rotating vortices, which later leave the body surface and become fully 3D separations by the way of spiral points in body surface. These vortices will merge into the primary vortex propagating downstream, while new secondary vortex will be generated under the primary vortex. To reveal the coherent structure of the flow, the iso-surface of λ 2 scalar field is given in Fig. 3 . It is very clear that there is a chain of ring-like vortices, starting behind of the trailing-edge of MVG. Compared with the vortex structure in MVG controlled low intensity turbulent boundary layer 17 , the ring-like vortex structure is still generated if the inlet condition is fully developed turbulent inflow. The ring-like vortices are continuously distorted and enlarged while propagating downstream (Fig. 3b.) . These rings could be a dominant factor of the mechanisms of MVG in control of shock boundary layer interaction. We can see many vortex rings appear in circular shapes. Informed with the prediction of vortex rings, the experimentalists in UT Arlington used some technology to validate the discovery. They used the particle image velocimetry (PIV) and the acetone vapor screen visualization to track the movement of the flow. More specifically, the flash of a laser sheet is used to provide the light exposure at a time interval of micro seconds. Our numerical discoveries of the vortex ring structures are also confirmed by 3-D PIV experiment (Fig. 6a) conducted by Sun et al at Delft University 19 . Compared the two results, we can find the similar distribution of streamwise ( z ω ) and spanwise vorticity ( x ω ) components, which also proves the existence of ring structures. The
Kevin-Helmholtz vortices part in Fig. 6b corresponds with the ring top in Fig. 3 . The underneath part which is illustrated as streamwise vortices are two counter rotating primary vortices which are considered to be the main source of the ring structure as explained later .
(a) LES Simulation (b) Experiment Result by (Sun et al 2011) Figure 6. Distribution of Kelvin-Helmholtz vortices and streamwise vortices
To generate the true turbulent inlet, twenty thousand turbulent profiles are obtained from previous DNS simulation and used as the time dependent inflow 22 . The information about grid generation, boundary conditions, and numerical methods of our simulation can be found in Ref 22 .
In this paper, we mainly study the influence on the ring-like vortex structure in MVG controlled supersonic ramp flow by of different inflows. In front of the MVG, three turbulent inflows with different boundary layer thickness (see Table 1 .) are generated. From the shape factors, we can see that these inflows which are enforced in front of the MVG are fully developed turbulent. 
Condition

flow parameters of the three inlet flows (h is the height of MVG)
The ring-like vortex structures behind MVG of the flow with three different inflows are illustrated by iso-surface of λ 2 in Figure 7 (a) (b) (c) respectively. We can see that the ring-like vortex would be more regular if the boundary thickness of the inflow is smaller (Case 3). Although the ring-like vortex structure is distorted inevitably in the downstream, the one with lower inlet boundary thickness (Case 3) keeps its topology to a longer distance. It can also be found that the ring-like vortices are generated earlier behind the MVG for Cases 2 and 3. The boundary thickness of the inflow seems influence the ring-like vortex structure significantly, especially on its topology and generation. 8 shows that the spanwise vorticity distribution on the streamwise central plane. The positions of the peak areas with peak value of spanwise vorticity (red spots in the figures) are located at the upper side corresponding to the positions of the 3D ring-like vortex tops. In other words, the spanwise vorticity reaches large value on the ring tops. Mostly, each ring-like vortex is a highly rotating vortex tube. However, there are no counter-rotating ring-like vortex bottoms on the lower side because the ring-like vortices are not closed in our cases. From Fig. 8 , it can be found that there exists a high shear layer right behind the apex of MVG. If the boundary layer thickness is smaller, the shear layer maintains longer (Case 3). The shear layer breaks down totally and disappears soon in Case 1. It shows clearly that a series ring-like vortices is formed after the shear layer breaking down in Cases 2 and 3 while there is not such an obvious phenomena for Case 1.The ring-like vortices line up more regularly when the boundary layer thickness of inflow is lower. They are even in good order to the late downstream for Case 3. In Ref[], we pointed out that the blue spots are generated by the vortex structures connected to the streamwise vorticity in the momentum deficit region behind MVG. They are counter-rotating compared to the ring-like vortices on the top. We can find that the ring-like vortex structures are less influenced by its interaction with the spanwise vortex structure if the inflow boundary layer thickness is small, It is at least true for the forming stage of the ring-like vortices. However, the quantity of vorticity and the height of the ring-like vortex tops are almost same for the three cases, that shows the ring-like vortices have almost the same intensity of rotation.
By plotting the vortex lines inside the ring-like vortices in Fig 8, In Fig. 9 , it shows that the ring-like vortex structure generated by MVG is mainly originated from the two side surfaces of the MVG located in the upstream. On the other hand, in Fig 10, it shows that the vortex filaments of the vortices mainly come from the spanwaise boundaries which have almost same x-coordinate as the vortex rings. To explain all of the phenomenon above, the time averaged flow data is analyzed. In Fig. 11 , time averaged streamwise velocity distribution on the central plane is given. A momentum deficit behind the MVG can be seen clearly in each case. It is found that, with smaller inflow boundary layer thickness, there are less distortion applied on the momentum deficit. The structure becomes smoother and maintains the shape for a longer distance. The momentum deficit is generator of the ring-like vortex structure. With longer momentum deficit region, the ring-like vortices will maintain their shapes longer. Less distortion also makes the momentum deficit region clearer and the upper boundary thus becomes clean. Furthermore, a stable shear layer on the upper bound will be generated. However, it seems that the height and the size of the momentum deficit for the three cases are almost same, which shows that the momentum deficit is generated by MVG and it is mainly related to the shape and size of MVG rather than the inflow conditions. That may the reason why the ring-like vortices are located on almost the same height for the three cases.
In Fig. 12 and 13, time averaged streamwise velocity distribution on the two cross sections is illustrated. The momentum deficit regions are shown in these figures. It can be found that the momentum deficit would be much like a perfect circular region and keeps the shape for a longer time if the inflow boundary layer thickness is small. With a large value of inflow boundary thickness in Case 1, the deficit region is distorted at the very beginning.
In Fig. 14 , the time and spanwise averaged streamwise velocity profile along the normal direction around the momentum deficit region (at the first cross section in Fig. 12 ) is given. We can find that the momentum deficit becomes stronger if the inflow boundary layer thickness is smaller. In addition, we can find the heights of the upper bound of the momentum deficit regions keep almost the same for the three cases in Fig 14. The stronger momentum deficit carries out a stronger velocity shear layer at the upper bound. In Ref[], we found that the upstream vortex structure and the shear layer of the momentum deficit are the two major sources influencing the ring-like vortex structure behind MVG. When the inflow boundary layer thickness is larger, Fig. 9 shows that the ring-like vortices are more related to the upstream flow passing MVG and its vorticity mainly comes from the shear layer on the upstream MBVG wall surface. On the other hand, when the inflow boundary layer thickness is lower, the shear layer at the upper bound of the momentum deficit is the main source of the ring-like vortices which is generated by the momentum deficit, but not the boundary layer profile of the MVG side surface. The shear layer becomes stronger means it would be more unstable. The flow will lose stability at the upper bound of the momentum deficit area and ring-like vortices would be generated. The breaking down of the shear layer into vortices shown in Fig. 8 is a typical phenomena of so-called Kelvin-Helmholtz instability (K-H.) In other words, the mechanism for the ring-like vortex generation in Case 3 is caused by the K-H type instability. The vortex line pattern in Fig. 10 The different inflow conditions do influence the separation at the ramp corner and influence the interaction between the ring-like vortices and the ramp shock. With lower inflow boundary layer thickness, the inflow turbulence intensity is reduced. There is less resistance to the separation induced by the ramp shock, so that the separation zone is enlarged (see Fig. 15 ). The rotation intensity of vortex rings seems to be strengthened by the larger separation (Fig.16) . 
IV. Conclusion
In this paper, we mainly study the influence of different inflow profiles on the ring-like vortex structure in MVG controlled supersonic ramp flow. In front of the MVG, three turbulent inflows with different boundary layer thickness are generated. It is found that the inflow conditions give significant influences to the ring-like vortex structure including the ring-like vortex shapes, vorticity origins, momentum deficit zones, streamwise velocity profiles after MVG, vortex organizations, and, more important, the interaction between vortex ring and shocks which control the boundary layer separation. .
